Abstract Variations of temperature, precipitation and snow depths during the last 50-100 years, up to 1984, are investigated for mean cold season values (November to April) for 110 locations in the Former Soviet Union (FSU). Following quality checking, statistical analyses are performed on the data. There is cold season warming after 1953 or after 1966 over almost all the FSU apart from eastern Siberia, but temperature variations significantly affect the mean snow depths only in some sensitive areas of the Caucasus, central Asia, and the western European territory. Mean snow depth time series reveal contrasting local trends. Higher precipitation and snow depths are measured in eastern European Russia from 50° to 65 °N and in some areas of western Siberia at the beginning of the twentieth century. Otherwise, precipitation variations have little influence on the mean cold season snow depths over much of the FSU after 1930. Some predominant periodicities are detected for mean cold season temperature, but not for precipitation and snow depths.
Variations des moyennes des temperatures, des précipitations et des hauteurs de neige de la saison froide observées durant les 100 dernières années dans la CEI (ex-URSS)
INTRODUCTION
Concerns over climate warming and global (climatic) change have led to an increasing number of studies that have been conducted on decadal-to century-scale climatic variations. Recent analyses demonstrate an increase in the global mean surface air temperature of 0.3-0.6°C since the last half of the 19th century (IPCC, 1996) . However the magnitude of this global warming varies from one region of the earth to another. Climate models and reconstruction of time series suggest that this warming primarily affects the high-latitude continental areas.
Numerous studies have also been made of precipitation variations observed during the last 100 years or so. Recent results show that climate warming is accompanied by an increase in the mean annual precipitation during the twentieth century in North America and Eurasia, especially from 55 °N northwards (Diaz et al., 1989; Groisman & Easterling, 1994) . South of 55°N, no significant trend is observed in Eurasia, while precipitation tends also to increase in North America, especially in eastern Canada and the northeastern USA (Groisman & Easterling, 1994) .
Variations in snowfall and snow cover have special significance in the context of climate warming because they influence aibedo and energy budget at a continental scale in middle and high latitudes and thereby affect temperatures. A strong negative relationship can be expected between a climate warming and the mean snowfall, snow cover extent and snow depths (Barry, 1985) . This has been recently proved in North America south of 55°N (Groisman & Easterling, 1994) . However, this relationship needs to be verified in the high latitudes, because increasing annual precipitation measured during the twentieth century accompanies increasing annual snowfalls in these areas, as recorded in North America from 55°N northwards (Karl et al., 1993; Groisman & Easterling, 1994) . This can produce positive correlations between temperature and snowfalls in some regions of North America (Bowling, 1977; Brinkmann & Barry, 1972) . Thus the evolution of snow cover in high latitudes as climate warms is uncertain.
Several studies of variations in twentieth century snow cover and associated parameters (temperature, precipitation) have been recently carried out for North America (Karl et al., 1993; Groisman & Easterling, 1994) and the Alps (Foehn, 1990; Mohnl, 1991; Fliri, 1992; Rôhrer et al, 1994; Martin et al, 1994; Beniston et al., 1994) . However, while several studies have been performed on the variations of annual precipitation in the FSU since the late 19th century , no similar research has been carried out for snow cover. Nevertheless, the snow cover area in the FSU accounts for almost 60% of the average northern hemisphere snow cover in winter-spring. Thus variations in the extent and depth of snow cover in the FSU may impact the climate of a large part of the northern hemisphere. There are basic data on the mean snowfall, the mean extent, depth and duration of the snow cover in the FSU (Pupkov, 1964; Lydolph, 1977) , but no information about their recent variability.
Satellite measurements available for the whole northern hemisphere since 1972, reveal a decreasing extent of hemispheric and particularly Eurasian snow cover during the 1980s, especially in spring and summer (Robinson et al., 1993) . However, a 22-year span of observation is too short to assess long term trends. Moreover, satellite measurements of snow extent and snow depths are not very accurate for some snow types and land covers (Chang et al., 1992; Robinson et al., 1993; Fallot, 1993; Tait & Armstrong, 1995) . It is preferable to use time series from in situ measurements to assess decadal-scale variations and trends over the last 100 years or so.
A dataset including daily temperature, precipitation and snow depths measured at 284 locations in the FSU up to 1984 has recently become available. About 70 stations began these measurements in the late 19th century. Quality checking of the data is first required to correct certain inhomogeneities, which can bias the results, before analysing the time series. This analysis has first been conducted for the cold season (November-April) when snow covers large areas of the FSU. The purpose of this study is to determine the variations, trends, and periodicities in the temperature, precipitation and snow depths which have been observed during the twentieth century in different regions of the FSU and to compare them with records for other regions of the northern hemisphere.
DATA
The original climatological dataset (STOS data) used in this study was prepared by the State Hydrometeorological Service, World Data Center-B, Obninsk (Russia), and made available to the National Climatic Data Center, Asheviile, North Carolina, under a US-USSR bilateral agreement for exchange of environmental data. The temperature and precipitation data were quality checked and distributed by the Carbon Dioxide Information and Analysis Center (Razuvaev et al., 1993) . The snow depth data have now been similarly processed and made available by the National Snow and Ice Data Center (NSIDC, 1994) , University of Colorado at Boulder, USA. Quality checking of data A variety of erroneous or suspected values was detected in the original files, mainly for snow depths in central and eastern Siberia before 1950. The most frequent error was an amplification of the daily snow depths by a factor of 10, as illustrated in Table 1 . As an example, Table 1 presents daily snow depths, precipitation and temperature for January 1929 at a station located in eastern Siberia (Kamtchatka Peninsula). This kind of error in the snow depths may result from a confusion between cm and mm or from a key-punching error. These errors were corrected with a simple algorithm (Hoogstrate, 1994) .
Other abnormal variations were detected in the daily snow depths, as shown in Table 2 for several days in March 1929 at the same station as that in Table 1.  Table 2 illustrates an extreme case, but smaller anomalies were also detected which could not be connected with precipitation and temperature measured during the same day. These abnormal variations in the daily snow depths can have several origins: errors in measurement, in the reporting of the observations, or in the processing of the data. Also the measurements may be unrepresentative as a result of snow removal or snowdrifts generated by wind at the site, for example. This kind of error cannot be corrected without additional information from the State Hydrometeorological Service, Obninsk. However, such review of the data is labour intensive and is not likely to be carried out in the near future due to other priorities.
Fortunately, errors caused by abnormal variations in the daily snow depths, illustrated in Table 2 , are much less common than those shown in Table 1 . Abnormal variations occur primarily at stations in eastern Siberia along the Pacific coast, where they can strongly affect mean snow depth values for several months. Because of these abnormal variations in the daily snow depths, the first kind of error (amplification by a factor of 10) could be corrected only when snow differences exceeded 45 cm from one day to another without significant precipitation. Despite this restriction, most errors in the daily snow depths were corrected and the remaining ones affect only a few monthly and seasonal means. Suspected values were also detected in the original files for daily precipitation. For example, mean precipitation exceeds 300 mm for a few months in winter at some stations (Kiev, Petropavlosk-Kamtchatka) where mean monthly values are usually lower than 100 mm at this time of the year. Except some obvious cases, these errors could not be corrected without additional information, but their small number does not significantly affect the precipitation time series.
HomogenizatloH of the time series
Inhomogeneities in the time series due to changes in the location, the instrumentation or the time of observation can also affect the results. Such changes have occurred for each station and parameter during the twentieth century.
Temperature Minimum temperature is measured with an alcohol thermometer, while hourly and maximum temperature values are recorded with separate mercury thermometers. When the air temperature approaches the freezing point of mercury (-38.9°C), alcohol thermometers are also used for measuring the hourly and maximum temperatures. Changes have nevertheless occurred during the twentieth century in the instrument shelter design and the time of observation. The type of shelter or screen surrounding the thermometers varied considerably before 1930, but the effects on measured temperature were probably small. From 1930 to the present, similar shelters have been employed at most stations.
Major changes in the time of observation occurred in 1936 and 1966. Prior to 1936, "hourly" measurements for computing the daily mean temperature were taken at 0700, 1300 and 2100 local mean time (LMT). Because of the lack of nighttime observations, daily mean temperature was probably overestimated. From 1936 to 1966, temperatures were collected at 0100, 0700, 1300 and 1900 LMT at most stations. As a result, the overestimation of mean daily temperature dropped to about 0.2°C. From 1966 to present, temperatures are checked every 3 h beginning at midnight Moscow winter legal time. This has rendered the bias in daily mean temperature insignificant.
Changes in location have occurred at many stations during the twentieth century. For most stations these changes do not significantly affect the mean monthly and seasonal temperature time series; high correlations are usually observed between temperature time series of adjacent stations.
Precipitation Several significant changes in the instrumentation of precipitation measurements have occurred since 1881. The details are reported in and only the basic points are presented here. Shver (1976) recommends avoiding the use of precipitation measurements before 1891 when different types of gauges were used in the FSU. A uniform shield on the gauge, invented by Nipher, was installed at most stations from 1891 on. However, later studies revealed an underestimation of the measured precipitation by the Nipher shield due to the aerodynamic effects of the wind, which primarily affected solid precipitation (snow). The better-designed Tretyakov gauge shield gradually replaced the Nipher shield in the late 1940s to early 1950s. As a result, measured solid precipitation amount increases from 5 to 40% according to the location during this period.
In 1966, a decision was made to correct the loss of moisture that adheres to the gauge wails; this loss was usually estimated from 5 to 15% of the measured precipitation amount, but it could reach 40% in some dry regions (central Siberia in winter, central Asia in summer). Unfortunately, the so-called "wetting correction" used in 1966 overestimated the loss of moisture and, therefore, the measured precipitation amount increased for this year. The method of calculating the loss of moisture was changed in January 1967 and the new wetting corrections have been used subsequently; they are published in Meteorological Monthly Summaries of the USSR.
Changes have also occurred in the time of precipitation measurements. They were performed daily prior to 1936, twice daily from 1936 to 1965 and four times per day after 1965. However, Russian scientists estimate that these changes in the frequency of observation have insignificant effect on the measured precipitation (P. Groisman, personal communication) .
To summarize, the measurement changes that are most significant for the time series homogeneity occurred in the 1890s (with introduction of the Nipher shield), in the late 1940s and early 1950s (introduction of the Tretyakov shield), and again in 1966-67 (incorporation of a wetting correction). The total effect of these changes has to be assessed for obtaining homogeneous precipitation time series . From numerous in situ measurements, Russian scientists have determined three correction coefficients to be applied at each station in the FSU: -Coefficient Kl for estimating the effects of changes in the shields in the late 1940s and early 1950s; however no correction coefficient could be determined for estimating such effects with the installation of the Nipher shield in the 1890s, due to the lack of information about the older instrumentation; coefficient K2 for assessing the aerodynamic effects of the wind on the measured precipitation amount (discussed below); and coefficient K3 for the wetting correction before 1966. These coefficients have been published in the Reference Book on the Climate of the USSR (1966 USSR ( -1969 . They are also available at the World Data Center-A for Meteorology, Asheville (North Carolina, USA). The coefficients vary strongly from one location to another and from one month to another; they are usually higher in the cold season when solid precipitation (snow) is falling. Correction coefficients Kl and K3 help produce homogeneous time series and a means of incorporating these coefficients in the time series is described in and in Fallot (1995) .
It is also clear that other climatological variables, in particular wind velocity, affect precipitation measurements. The measured precipitation amount is usually underestimated and this underestimation can reach 50% during the cold season. Russian scientists determined the coefficient K2 for correcting the aerodynamic effects of the wind on the measured precipitation amount for each month and each station. However, the use of this coefficient K2 at individual stations for individual years or months is not recommended: for a specific month, this coefficient can vary strongly from one year to another according to the mean monthly values of wind speed and temperature (Reference Book on the Climate of the USSR, 1966 USSR, -1969 . The monthly K2 coefficients correspond to a climatological mean calculated over a period of several years. Introduction of these individual coefficients at each station could produce additional errors and additional inhomogeneities in the precipitation time series.
For this reason, only the coefficients Kl and K3 have been introduced in the monthly values of measured precipitation at each station. Thus homogeneous time series for each month were obtained, but with underestimated precipitation amount. This nevertheless allows a comparison of the time series, as well as an objective assessment of the precipitation trends observed during the twentieth century in different regions of the FSU. Correction coefficients could unfortunately not be determined for several stations in Siberia along the Arctic Ocean and the Bering Sea. In these areas, precipitation time series during the twentieth century remain inhomogeneous.
Station relocations and changes in the environment around the stations observed almost everywhere during the twentieth century can also affect the homogeneity of the time series. For example, a meteorological station may be in open surroundings in the early twentieth century, but in an urban area in the late twentieth century. Similar contrasts may arise as a result of forest clearance or afforestation. Such changes are expected to have greater effects on measurements of solid precipitation (snowfall). There is some information about such changes for each station. Using this information, it may be possibie to correct inhomogeneities in the data resulting from these changes via statistical approaches in areas where the network of stations is adequate. Unfortunately, precipitation and snowfall usually vary strongly from one location to another and the station density is too poor to allow such corrections over wide areas.
To address these problems, reviewed all available information about the history of precipitation measurements at 600 stations in the FSU. They prepared metadata for these 600 stations, which are available at the World Data Center-A at Ashevilie (North Carolina, USA) and at the NSIDC at Boulder (Colorado, USA). These metadata include all available information on the dates of changes in gauge type and other changes which could produce inhomogeneities in the time series, as well as the monthly values of the Kl, K2 and K3 coefficients. In spite of this information, the effects of station relocation and changes in the environment around stations remain difficult to assess.
Snow depth Snow depths are measured once per day at calibrated stakes which are permanently driven in the ground. Information about the extent of snow cover around the measurement site is also collected daily. In contrast to temperature and precipitation, the method of measurement and the frequency of observation for snow depth have not changed during the twentieth century. On the other hand, station relocations and changes in the environment around stations can strongly affect the homogeneity of snow depth time series. The effects of these changes are very difficult to assess, in spite of the information in and that available about site characteristics where snow depth is measured (wind exposure, presence of bushes or other obstacles around the site). Finally, suspected erroneous values remaining in the data after the first corrections were made can also affect the homogeneity in snow depth time series (Fallot, 1994) .
Selection of stations
The size of the climatological network in the FSU increased gradually from the late 19th century with step increases in 1936 and 1966. Records at 284 primary stations have recently become available to western countries. For this study, all stations that began temperature and precipitation measurements before 1930 have been selected. This is a total of 103 stations after 11 were excluded because of numerous missing values (interruption of records exceeding 10 years). Seven additional stations in northern Siberia with shorter time series (50 years) have also been included in order to have data from all major regional climates of the FSU; thus 110 stations were finally selected (Fig. 1) .
The lowest density in the climatological network is observed in the northern half of Siberia. Comparison between Fig. 1(a) and Fig. 1(b) also reveals that snow depth measurements mostly began later than those of precipitation and temperature. For these last two variables ( Fig. 1(a) ), 62 of the 110 selected stations started measurements between 1881 and 1900, 26 between 1901 and 1920, and 22 between 1921 and 1936 . In contrast, 14 stations began to measure snow depth ( Fig. 1(b) ) before 1901 and 11 between 1901 and 1920, while 85 stations started to record this parameter between 1921 and 1936. In particular, there is no snow depth time series in the available database spanning more than 75 years in central and eastern Siberia.
Data analysis
After correcting and homogenizing the original data, averages have been calculated for the cold season (means from November to April) for the three variables (temperature, precipitation, snow depth) at the 110 selected stations. Because this study focuses on the variations in the snow depths and associated variations in temperature and precipitation, the cold season has been investigated first. Means from November to April represent the mean extent and depth of the snow cover for the entire cold season rather well in most areas of the FSU. The snow cover usually begins in October (in Siberia) or November (in European Russia) and is melting by -1900, * 1901-1920, •1921-1936 . Numbers refer to stations plotted in Figs 2-6; station names and numbers are given in Table 3 .
April or May (Lydoipfa, 1977; Pupkov, 1964) . The formation of snow cover actually starts in September and disappears only in June in the polar regions; the span from November to April is thus probably too short to reflect mean snow depths in these areas, while it is too long for the southern regions of the FSU (southern European FSU and central Asia). A single span from November to April has nevertheless been selected for characterizing the cold season and allowing comparisons between different regions for the three variables.
To characterize the variations observed in the three series, as well as correlations between them, several statistical analyses have been performed, including the calculation of standard deviations, correlation coefficients, multiple stepwise regression, and Fourier analysis. These analyses are limited to the years 1927-1984, due to missing values before 1927.
Principal component analyses were performed on the time series with the aim of identifying several regions in the FSU according to their specific trend observed for each parameter. From such a regionalization, a single station characterizing the variations and trends observed in each region might be selected. Unfortunately, principal component analyses do not provide satisfactory results in the FSU, in particular for precipitation and snow depth time series, because both parameters show strong spatial variability (Fallot, 1995) . For this reason, the stations selected to illustrate trends observed in the temperature, precipitation and snow depth time series were chosen from a visual analysis of the graphs at 110 stations. Selection of the same stations for all three variables was attempted.
RESULTS

General trends for mean cold season time series
Figures 2-6 show time series at 20 locations selected to demonstrate mean cold season trends in temperature, precipitation and snow depths observed. Table 3 and Fig. 1 describe the location of the 20 selected stations. Five-year running means have been calculated to smooth out high interannual variability. The five large areas of the FSU indicated on these graphs are defined as: European FSU: from about 20° to 60°E, west of the Ural Mountains and Caspian Sea; it includes European Russia and other independent states (Ukraine, Belarus) located in the European territory of the FSU; Western Siberia: from 60° to 95°N, north of 50°N; northern Kazakhstan is included in this area; central Siberia: from 95° to 135°N; Eastern Siberia: from 135°N eastwards; Southern regions of the FSU: from 50°N southwards and 90°E westwards, corresponding to the southern European FSU and part of central Asia; and Central Asia: between the Caspian Sea and China, from 50° to 90°E, south of 50°N. Temperature Mean cold season temperature time series (Figs 2(a) to 6(a)) show three broad trends during the twentieth century, which are more or less marked over much of the FSU. There is a small warming trend from 1895 to 1915, followed by a FSU located from 60°N northwards and 135°E westwards (Troicko, Surgut, Viljujsk); in particular, the final warming trend in these areas only begins about 1966. These three trends are smaller or even missing in the Baltic republics (Vilnjus) and the southern regions of the FSU (Rostov, Turkestan), except for stations located at 1000-2000 m altitude in the mountains (Leninakan, Naryn). The final warming begins earlier in the Caucasus region (1935), but ceases around 1966 (Leninakan). The first two trends observed at the beginning of the twentieth century are small or missing in central Siberia south of 60°N (Irkutsk, Blagovescensk), although the final warming trend is also perceptible in these regions from 1953.
In eastern Siberia, temperature varies irregularly during the twentieth century without showing any overall tendencies. Nevertheless, a small cooling trend can be seen in the Kamtchatka Peninsula (Kljuci) from 1935 to 1953. Eastern Siberia, the Baltic republics, and some locations in the Caucasus region and central Asia, constitute the only areas of the FSU which do not record a warming trend for mean cold season temperature during the second half of the twentieth century.
Precipitation Mean cold season precipitation (Figs 2(b) to 6(b)) varies more strongly from one region to another (and within regions) than the temperature time series. Consequently, precipitation time series do not display widespread general trends. On the contrary, there are regional or even local trends which differ strongly from one another. Nevertheless, some general features are apparent.
For example, cold seasons had more precipitation at the beginning of the twentieth century in the eastern half of European Russia from 50° to 65°N (Kirov, Orenburg, Troicko) and in northern Kazakhstan (Celinograd). Increasing trends in mean cold season precipitation are observed in the European FSU: one from 1920 to 1950 or 1965, in the Baltic republics (Vilnjus) and around the Black Sea (Rostov) and another in the northern (Troicko) and central (Kirov) regions of European Russia after 1945 or 1955.
Otherwise, precipitation shows irregular variations over the European territory without showing any significant trend. The same observation can be made in the southern regions of the FSU, and in western and central Siberia. Local trends are also detected in these areas. Variations in the mean cold season precipitation are smaller in central Siberia than in other areas of the FSU. Precipitation amount varies strongly from one cold season to another in eastern Siberia along the Pacific coast. Differing local trends are also noticed in this area. Thus, mean cold season precipitation decreases in Sakhalin Island (Poronajsk) from 1920 to 1950, whereas it tends to increase on the adjacent continent near this island (Nikolaevsk) after 1930. A contrast appears in cold season precipitation in far eastern Siberia (Kljuci, Anadyr) with dry conditions before 1945 and much wetter conditions after 1950; precipitation decreases in this area after 1966 (except at Kljuci). Such contrasts seem to reflect a climatic reality even if inhomogeneities affect some precipitation time series. Correction coefficients could not be determined at several stations in far eastern Siberia (Anadyr). Stations which could be corrected in this area (Kljuci) also display a contrast in the precipitation amounts between the first and second half of the twentieth century.
If one excepts some regions in European FSU and eastern Siberia, mean cold season time series do not confirm the results of previous studies, i.e. that precipitation is increasing during the twentieth century from 55 °N northwards in the FSU (Vinnikov et al., 1990) and in North America (Karl et al., 1993; Groisman & Easterling, 1994) . However, this increasing trend refers to annual values averaged over a large area.
Snow depths Three series of mean cold season snow depths (Figs 2(c) to 6(c))
vary even more strongly from one location to another than does precipitation. Consequently, their analysis reveals many differing local (and regional) trends. As with precipitation, some broader patterns can be detected for snow depth time series. For example, higher mean snow depths are recorded for the cold season from about 1900 to 1920 in the eastern half of European Russia and in western Siberia between 50° and 65°N (Kirov, Orenburg, Troicko, Surgut, Celinograd). These can be associated with the higher mean cold season precipitation measured at the same time in these areas. Higher precipitation and snow depths were also recorded in the eastern Alps at the beginning of the twentieth century (Mohnl, 1991) .
Among numerous trends observed in the FSU, it can be seen that mean cold season snow depths increase from 63 °N northwards in European Russia ( As with precipitation, mean cold season snow depths during the twentieth century are more constant in central Siberia and are consistently low in the southern FSU (Rostov and Turkestan) at low elevations, whereas they vary strongly in eastern Siberia. Trends also differ greatly from one location to another in this last area. Much higher snow depths are measured on the continent near Sakhalin Island (Nikolaevsk) in the 1940s, but not on the island itself (Poronajsk), which recorded higher snow depths before 1920. More snowy cold seasons are also noted elsewhere in eastern Siberia during other intervals: from 1960 to 1975 in far northeastern Siberia at Markovo and Mys Schmid, for example. Finally, snow depths tend to increase in the Kamtchatka Peninsula (Kljuci) after 1940-45. Otherwise, mean cold season snow depths vary more or less strongly in the other regions of the FSU during the twentieth century.
Studies in the Swiss (Rôhrer et al, 1994) and Austrian Alps (Fliri, 1992 ) also reveal wide interannual and spatial variabilities in the mean seasonal snow depths time series during the twentieth century and the lack of a general trend for this parameter.
Variability in the cold season time series
To characterize the variability of the mean cold season temperature, precipitation and snow depths in different regions of the FSU, standard deviations have been calculated for each time series from 1927 to 1984 (not shown).
The highest standard deviations and variations in the mean cold season temperature are observed in the northern regions of central Siberia during the analysed period . Standard deviations gradually decrease from north to south and the lowest values are found in the southwest (Caucasus region and southern areas of central Asia) and the southeast (along the Pacific coast) of the FSU.
The lowest standard deviations and variations in the mean cold season precipitation are found in central Siberia, which confirms inferences made from the time series graphs. Precipitation varies much more in the European FSU, central Asia and eastern Siberia; the highest standard deviations are located in the mountains of the Caucasus region and central Asia, as well as in the Kamtchatka Peninsula.
Standard deviations for snow depth decrease from north to south, which is not surprising since mean cold season snow depths also diminish from north to south. But for the same latitude, mean snow depths vary less from one cold season to another in central Siberia and the western European territory, while the strongest variations are encountered in eastern Siberia. This confirms results discussed earlier.
The highest standard deviations are once again located in the Kamtchatka Peninsula. Very low standard deviations occur at low elevations in the southern regions of the FSU where snow cover is on the ground only a few days per year during the cold season.
Correlations between cold season time series
To examine the relationships between the variations of mean cold season temperature, precipitation and snow depths, correlation coefficients have been calculated between time series of the three studied parameters from 1927 to 1984 for each station. Due to the irregularities of the trends, no attempt was made to remove them. Hence, tests of significance would be inappropriate. Maps have been plotted for the whole FSU from coefficients obtained at the 110 stations.
Correlations between snow depths and temperature Correlations between mean cold season snow depths and temperature time series are low over a great part of the FSU (Fig. 7) . This implies that the variations of mean cold season snow depths have little dependence on temperature variations, especially in Siberia. This is not surprising, because mean temperature from November to April is well below 0°C throughout this area; a warming trend would not affect the mean snow depths. Some positive correlations are evident in northern Siberia, indicating that snow depths tend to increase under warmer conditions.
Negative correlation coefficients (below -0.4) are found in the western and southern regions of the European FSU as well as in central Asia, where mean cold season temperature exceeds -5°C. The largest negative coefficients (below -0.6 or -0.7) are located near the Baltic Sea and in the mountains of the Caucasus region and central Asia, where mean temperature is close to 0°C. Variations in the mean temperature observed during the twentieth century affect the mean cold season snow Fig. 7 Correlation coefficients between mean cold season snow depths and temperature in the FSU. depths most strongly in these areas: depths tend to decrease when mean temperature increases. Surprisingly, negative correlation coefficients (below -0.5) are also detected at some locations in southern Siberia, although mean cold season Fig. 8 Correlation coefficients between mean cold season snow depths and precipitation in the FSU.
temperatures are below -10°C. Correlations between the parameters become smaller at low elevations in the southern regions of the FSU where mean cold season temperature exceeds +5°C and snow rarely covers the ground.
Correlations between snow depths and precipitation Correlations between mean cold season snow depths and precipitation are low over most of the FSU (Fig. 8) . Positive correlation coefficients are found in the northern regions of European Russia, several areas in Siberia and in the mountains of central Asia; i.e. mean cold season snow depths tend to increase with greater precipitation. Nevertheless, correlations between both parameters remain very low over large areas of European FSU, central Asia, in southeastern Siberia and the Arctic regions of Siberia. Measurements of precipitation are very difficult to make in the polar regions. As noted earlier, correction coefficients could not be determined for stations located near the Arctic Ocean and the Bering Sea, so that precipitation time series may not be homogeneous over time. Snow depth time series should in principle be more reliable than those for precipitation in these areas, but time series for four stations in reasonable proximity to one another in northeastern Siberia do not confirm this assumption (Fig. 9) . Precipitation time series are rather similar at these locations, with a dry period before 1945 followed by a much wetter period after 1950. Markovo provides a homogeneous precipitation time series, whereas correction coefficients could not be determined for the three other stations. Snow depth time series show very differing trends: Markovo and My s Schmid record an increase of snow depths after 1941, in rather good agreement with the precipitation trend, while Anadyr reports decreasing snow depths during the same time. Finally, Wrangel Island consistently records very low snow depths compared with measured precipitation. In this example, snow depth time series seem much less reliable than that of the precipitation. This cannot be tested in the other arctic regions of Siberia because the climatological network is too sparse.
Correlations between cold season temperature and precipitation High correlations should not be expected a priori between time series of these two variables, although notes that the mean increase of annual precipitation over the FSU observed during the twentieth century is rather well correlated with the mean annual warming measured at the same time over the northern hemisphere. The correlation coefficient between these variables is 0.62. Therefore, one wants to test whether there are high correlations between mean cold season temperature and precipitation times series at the 110 stations. Figure 10 shows that the correlations between these variables remain low almost everywhere. Correlation coefficients tend to be negative in the southern regions of the FSU and positive elsewhere except for some localities in Siberia.
Variability of mean cold season snow depths associated with variations of temperature and precipitation
Since there are relationships of varying strength between the snow depth, temperature and precipitation time series, it is interesting to determine the dependence of the mean cold season snow depths in relation to joint temperature and precipitation variations. Multiple stepwise regression analysis has been applied to the time series for the 110 stations from 1927 to 1984. Temperature and precipitation are the dependent variables and snow depth the independent variable. Figure 11 indicates that more than 50% of the variance in the mean cold season snow depths is associated with temperature and precipitation variations in the western European FSU, in the mountains of the Caucasus region and central Asia, as well as at some locations in southern Siberia. This mainly results from the effect of the temperature variations on the mean seasonal snow depths except in southern Siberia where precipitation also has an effect. This has implications for the potential impacts of twentieth century global climate warming. A cold season warming trend, as recorded over a great part of the FSU after the mid-1950s (or 1960s) with decreasing mean snow depths in the mountains of the Caucasus region and central Asia can significantly affect water supply and irrigation in the southern regions of the FSU. Fig. 11 Multiple stepwise regression between mean cold season snow depths and temperature and precipitation The effects of wind removal or deposition, settling of snow cover and sublimation influence the mean snow depths, in particular when the mean cold season precipitation amount is low (central Siberia and northern central Asia). -Errors in measured precipitation or snow depths can weaken correlations between the three variables; several erroneous or suspected values have been detected, mainly in eastern and northern Siberia, and some of them could not be corrected.
Values averaged over a 6-month period (November -April) also introduce some errors. For example, some precipitation can fall in liquid form in November and March-April in the western and southern European FSU, as well as in central Asia; this amount will have little effect on the mean cold season snow depths. However, precipitation and snowfall recorded in early autumn also influence the mean cold season snow depths in the northern regions of the FSU; mean October snow depths are not insignificant in these areas (Pupkov, 1964) . To address this problem one might consider mean monthly time series. Such time series were examined previously for four individual cold season months (November, January, March, April) at 51 locations along several west-east transects (Fallot, 1993) , but they also reveal great variability from one region to another for precipitation and snow depths, and rather low correlations between time series of the three variables (Fallot & Barry, 1994 ). -Station relocations and changes in the station surroundings can affect the data homogeneity particularly for precipitation and snow depths. Effects of these changes are very difficult to assess. The possibility of temporally varying relationships between temperature, precipitation and snow depth has been assessed by repeating the correlation and regression analysis for several stations in European FSU and western Siberia for two different periods: 1892-1926 and 1927-1984 (Table 4) . Stations which began measurements of snow depth between 1891 and 1905 have been selected in Table 4 . Higher correlations between seasonal precipitation and snow depth are apparent before 1927, in particular in the eastern half of the European FSU and western Siberia from 50° and 60°N. Two stations in western Siberia (Sverdlovsk and Semipalatinsk), which did not record a significant increase of mean precipitation in the early twentieth century, are an exception to the pattern.
Studies in North America have identified areas where snow cover is sensitive to temperature and precipitation variations during the cold season: they are located between 45° and 55°N (Karl et al., 1993; Groisman & Easterling, 1994) . The recent climate warming is associated with a decrease in the snowfall and the extent of snow cover in these areas, especially during the 1980s; mean snow depths decrease concurrently. In the FSU, regions sensitive to temperature variations are located between 45° and 60°N in the western European FSU, as well as between 35° and 45 °N in the mountains of the Caucasus and at intermediate elevations in central Asia.
In contrast, the climate warming has had little effect on the mean snow cover in the Austrian Alps during the twentieth century (Fliri, 1992) ; this is also generally the case in the FSU. The climate warming is accompanied by a significant increase of mean annual precipitation and snowfall during the second half of the twentieth century in North America from 55°N northwards (Karl et al., 1993; Groisman & Easterling, 1994) . However, mean cold season precipitation and snow depths increase in only a few areas of the FSU, primarily in northern European Russia (from 63°N northwards).
Periodicities in the cold season time series
Fourier analyses have been applied to each time series from 1927 to 1984 at the 110 stations in order to examine whether the fluctuations show any prevailing periodic!-ties. The analyses indicate that there are several predominant periodicities, but their magnitude varies from one station to another for each parameter. Some rather coherent regions with similar predominant periodicities can be detected for the mean cold season temperature. Periodicities from 8 to 13 years are common in the time series in the European FSU and western Siberia from 50 °N northwards. A periodicity of 21 years in addition to that of 8-13 years is found in the southern regions of the FSU. Periodicities from 4 to 6 years, or from 7 to 10 years, prevail in parts of central and eastern Siberia.
Mean cold season precipitation varies randomly in time and no significant periodicity other than red noise is evident during 1927-1984, particularly in central and eastern Siberia. Several predominant periodicities, with magnitudes differing from one region to another, are detected in the western FSU. These probably reflect the fact that mean cold season precipitation time series vary strongly on regional and local scales.
The same problem is encountered for mean cold season snow depths. Fourier analyses performed for this parameter display widely differing periodicities from one location to another, so that no coherent graph can be plotted. The large number of missing values in the snow depth time series also strongly influences these results.
CONCLUSIONS
Analysis of mean temperature, precipitation and snow depths time series for 110 locations in the FSU permitted the documentation of the variations and trends in these variables during the last 50-100 years in the cold season over a large part of Eurasia.
The results demonstrate a warming trend in mean cold season temperature (November to April) since the early 1950s or mid-1960s, all over the FSU, except for eastern Siberia, the Baltic republics and some locations in the Caucasus and at low elevations in central Asia. Temperature variations have little effect on mean cold season snow depths, except at middle elevations in the southern regions of the FSU and in the western European FSU; mean snow depths tend to decrease in those areas where warming can be detected in the second half of the twentieth century (the Caucasus region and central Asia). The effects of this warming on mean snow depths are small or absent in other regions of the FSU. This confirms the recent results in North America where snowfall and snow cover depend only on temperature variations in mid-latitudes, between 45° and 55°N (Groisman & Easterling, 1994) .
Contrary to annual time series (Vinnikov et al., 1990) , mean cold season precipitation does not show an increasing trend in the FSU during the twentieth century. Higher precipitation and snow depths are measured in the early twentieth century in the eastern half of European Russia from 50° to 65°N and in some areas of western Siberia (including northern Kazakhstan). This is also observed in the Austrian Alps (Mohnl, 1991) . However, the general increase of mean precipitation and snowfall observed in North America from 55 °N northwards during the second half of the twentieth century is only detected in a few regions of European Russia and eastern Siberia. Moreover, precipitation variations have little influence on mean cold season snow depths over most of the FSU, although they affect mean snow depths before 1930 in the western half of the country.
Correlations between mean cold season temperature and precipitation remain low in the FSU. The climatic warming measured during the second half of the twentieth century is not accompanied by a significant increase of mean cold season precipitation, such as that reported for annual means in the FSU and in North America.
Precipitation and snow depths time series vary strongly from one region to another. The highest variations are recorded in eastern Siberia for both parameters, as well as in the Caucasus region and the mountains of central Asia for precipitation. Temperature time series are more homogeneous and are often closely correlated between adjacent stations.
Several predominant periodicities have been detected in the mean cold season temperature time series; their period varies between 4 and 21 years according to region. Precipitation and snow depth time series vary more randomly. Future work will consider results for the warm season as well as monthly and annual time series. Also, it is hoped to add data for years after 1984. The 1980s decade was the warmest of this century (Jones, 1990) , and its effects on the snow cover are perceptible over large areas of the northern hemisphere (Karl et al., 1993; Robinson et al., 1993) . Finally, there are plans to determine whether the variations detected in the temperature, precipitation and snow depth time series of the FSU can be associated with fluctuations in the pressure field and other atmospheric circulation variables.
